We experimentally demonstrated an enhanced translation of an x-ray beam nearly parallel to the diffracting planes over millimeter distances in a deformed silicon crystal. This effect is a consequence of the Berry-phase effect in phase space [K. Sawada et al., Phys. Rev. Lett. 96, 154802 (2006)], which enables an interplay between the gap in the dispersion surface in momentum space and the atomic displacements in real space. Such an interplay in phase space enhances the beam translation by some 5 orders of magnitude, leading to the macroscopic effect. DOI: 10.1103/PhysRevLett.104.244801 PACS numbers: 41.50.+h, 42.25.Bs, 42.25.Fx Refraction phenomena are the basis of most optics in the visible region of the spectrum. An x-ray beam, however, has very weak interaction with matter that gives a tiny refraction, which scales as 2 , where is the wavelength. Therefore, x-ray optics often uses diffraction to control the x-ray beam, and for many optical elements a high degree of crystal perfection is desirable and necessary. Here we demonstrate a new optical effect for x rays [1] that allows enhanced translation of an x-ray beam nearly parallel to the diffraction planes. This effect reveals a new aspect of the Berry phase [2] associated with two ingredients-a nearby Bragg reflection and, unusually, a strain field in the crystal. The combination of the two together allows a shift in the x-ray beam that scales as 1= 2 , leading to macroscopic changes in the x-ray propagation.
Refraction phenomena are the basis of most optics in the visible region of the spectrum. An x-ray beam, however, has very weak interaction with matter that gives a tiny refraction, which scales as 2 , where is the wavelength. Therefore, x-ray optics often uses diffraction to control the x-ray beam, and for many optical elements a high degree of crystal perfection is desirable and necessary. Here we demonstrate a new optical effect for x rays [1] that allows enhanced translation of an x-ray beam nearly parallel to the diffraction planes. This effect reveals a new aspect of the Berry phase [2] associated with two ingredients-a nearby Bragg reflection and, unusually, a strain field in the crystal. The combination of the two together allows a shift in the x-ray beam that scales as 1= 2 , leading to macroscopic changes in the x-ray propagation.
In a perfect crystal, x-ray wave packet propagation is described by the group velocity,ṽ perfect ¼r k !ðkÞ, where !ðkÞ is a frequency andk is a wave vector. This group velocity is normal to the dispersion surface in momentum space [ Fig. 1(a) ] and does not depend on position. However, when the crystal has a deformation in real space given asr !r þũðrÞ as shown in Fig. 1(b) , the propagating direction should have a position dependence, and requires some correction to the group velocity. This correction is a consequence of a coupling between real and momentum spaces, introducing a Berry-phase term to the beam trajectory given as [1] r c ðtÞ ¼ṽ perfect t þG 1
wherer c is the center position of a wave packet near the Bragg condition, t is time,G is a reciprocal-lattice vector, k jkj, and Ák is a gap in momentum space [ Fig. 1(a) ]. The first term on the right-hand side is the group velocity term independent of position, and gives the Borrmann fan effect [3] or Bragg-Laue diffraction [4] . The second term is the focus of this Letter. This term represents a correction to the group velocity that gives a position dependence due to the deformation. This correction term is known as the Berry-phase effect [2] associated with an interplay between the deformation in real space and the gapped dispersion in momentum space [1] . Because of the correction term, the beam velocity is shifted fromṽ perfect towards thẽ G direction. This shift is a factor k=Ák $ 10 5 -10 6 larger than the atomic displacementũ and scales as 1=
2 . This factor makes the beam translation macroscopic. It is worth noting that the beam translation does not introduce any change in the wave vectork. In this sense, this effect is distinct from refraction. Figure 2 (a) is a schematic of the effect. The incident x-ray beam receives a millimeter-scale translation inside the crystal due to a nanometer-scale deformation, and reaches the edge. During this translation, the beam has negligible change of its wave vector, which gives negligible refraction. The deformed region of the crystal guides the x-ray beam, but, in strong contrast to reflection-based waveguides, does not introduce any beam divergence. Selected for a Viewpoint in Physics P H Y S I C A L R E V I E W L E T T E R S week ending 18 JUNE 2010 curved to observe the phenomena. The experimental x-ray beam is composed of a set of several wave packets. Each wave packet has a different wave vector and a trajectory described by Eq. (1). Thus, we can identify three different regions of behavior (i)-(iii) depending on the deviation Á of each wave packet from the Bragg angle B (see caption for details). The macroscopic translation occurs when the diffracting crystal plane of the deformed region of the crystal is set near the Bragg condition. This effect collects the paths to the edge of the deformed region, resulting in a sharp peak at the detector.
In an experiment, we used a silicon crystal with the thickness of 100 m. Its surface was oxidized to introduce microscopic deformation. The deformation was spread over the entire crystal by using the wax that fixes the crystal on a holder as in Fig. 3(a) . The amount of the deformation was adjusted to be larger than u min 0 ¼ 80 nm, which is theoretically required to give an x-ray translation of 5 mm [5] so that a beam reaches the edge of the sample as shown in Fig. 2 (a). In Fig. 3(a) , the surface-height distribution, measured by a visible-light interferometer, is represented. We chose two x-ray illuminating beam spots (BS) in Fig. 3 (a) in order to measure the positional dependence of the Berry-phase effect, as shown later. The surface-height profile along these BSs are shown in Fig. 3(b) , together with the residual from a linear function which corresponds to the deformation at the crystal surface. The amount of the deformation at the top surface layer measured from BS1 (BS2) to the edge of the crystal was u surface ¼ 190 (160) nm [ Fig. 3(b) ]. A relation between u surface and the deformation inside the crystal is examined by using x rays.
We used a 15 keV x-ray beam at the SPring-8 undulator beam line BL19LXU [6] . The experimental setup is shown in Fig. 4 . The incident angle onto the sample crystal was set near the Bragg angle B ¼ 17:6 for the silicon (400) plane. From the rocking curve measurements, the Darwin width was approximately 4 arcsec (FWHM) for both BSs, and was much broadened from the intrinsic width, 1.6 arcsec, due to the deformation. This broadening implies that atomic displacements inside the crystal are of the same orders of magnitude as those at the top surface u surface and that at the bottom layer u 0 .
In Fig. 5 , experimental results for s polarization are represented. In Fig. 5(a) , the entire x-ray beam was far from the Bragg condition, offset by 30 arcsec, and was transmitted without any shift. In Figs. 5(b) and 5(c), some wave packets in a beam are at the Bragg condition, and are totally reflected, corresponding to paths 1 and 2 in Fig. 2(b) . This Bragg reflection separates the transmitted beam into two islands and is observed as the dark regions at the left half of the beam in Figs. 5(b) and 5(c), indicated by arrows. Note that the slant shape of the dark regions represents the two-dimensional distribution of the bend [see Fig. 3(a) ]. 
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To analyze the Berry-phase effect occurring at the nearBragg condition, the narrow green window was chosen next to the dark regions. In this window, we observed bright peaks at large y d due to the expected beam translation. . This is caused by the expected x-ray beam translation and its termination at the crystal edge, corresponding to Fig. 2(a) . It implies a waveguiding effect of the wave packet traveling through the crystal with the peak position shift of 1.5 mm at the detector, corresponding to a path length of about 5 mm within the crystal. This translation is some 5 orders of magnitude larger than an atomic displacement u 0 [ Fig. 1(b) ], and is caused by the bend in the entire crystal.
The translation of the beam does not introduce angular divergence. The sharp peaks, e.g., at y d ¼ 1500 m for the BS1 near the Bragg condition [line b in Fig. 5(d) ], imply an extremely low exit angular divergence as follows: the observed width of the line peak, 40 m (FWHM), and the distance between the crystal and the x-ray imaging sensor, L 2 ' 0:6 m (Fig. 4) , give an upper limit of 14 arcsec for the exit angular divergence. This is 2 orders of magnitude smaller than the typical critical angle for total reflection in a heavy metal x-ray waveguide.
The observed phenomena cannot be explained by refraction, but by translation of the x rays for the following reasons. First, a large deflection angle at the incident surface of 16.4 was observed [7] . The refraction angle at the surface should be less than 1.4 arcsec, and refraction never gives such a large deflection angle. Second, an exit angle, exit ' ( ' 17:6 ) [see Fig. 2(a) ], was much larger than that expected from the normal refraction, 1.2 [7] . Third, the exit beam is parallel to the incident beam. These strongly suggest that the observed trajectories are due to the translation of x rays rather than to their normal refraction.
Moreover, an apparent change of the intensity distribution of the translated x rays was observed by comparing the cases of both BSs in Fig. 5(d) . A significantly broad peak at y d ¼ 600 m was observed only in the case of BS2 and not in BS1. This is clear evidence of the x-ray translation depending on the x-ray incident position and the strain field [as in Figs. 3(a) and 3(b) ], strongly supporting the new optical effect [1] . Note that the change of the translated distance and x-ray attenuation inside the crystal do not affect the intensity profile in this manner.
The Berry-phase x-ray translation effect is sensitive to a small variation of the strain field due to the oxidization, as we show in the following example where one edge of the deformed region was visualized as schematically shown in Fig. 6(a) . We analyzed this effect by measuring the angle dependence at a different spot from BSs 1 and 2. Shown in Fig. 6(b) is the vertical intensity projections of the transmitted images for three different glazing incidence angles Á, as a function of position on the detector. Near the Bragg condition (Á ¼ À2 arcsec), the overall transmitted intensity is reduced from those at the other two angles due to the Bragg reflection. Remarkably, a sharp peak around y d ¼ 490 m was observed at Á ¼ À2 arcsec (near the Bragg reflection), and vanished completely at larger offset angles (off the Bragg reflection). Measurement of the polarization dependence clarified the origin of this sharp peak. The Darwin width for p polarization is smaller than that for s polarization and a larger amount of translation was expected from Eq. (1). However, the observed peak position did not depend on the polarizations as shown in Fig. 6 (b) and suggested a fixed edge of the deformed region as in Fig. 6(a) . A lower peak intensity was observed for p polarization than that for s polarization due to the smaller Darwin width. The Berry-phase translation of an x-ray beam will open a door to the new optical research based on the x-ray Berry phase, as the Berry-phase effects on wave packet propagation in various systems [8] [9] [10] [11] [12] have been of much interest. Since the x-ray beam-translation effect is related to the deformed crystal plane, it potentially can be used for waveguides by carefully designing crystals. Furthermore, the diagnosis of deformed crystals is possible, even more effectively by measuring the distribution of the translation with spatially confined incident beams. Ultrafast diagnosis, such as with a subpicosecond time resolution, could be realized using the advent of extremely intense short pulse x-ray sources such as the free electron laser [13] [14] [15] . Note that the low angular divergence of the exit beam enables all these measurements at arbitrary camera distances, unlike the case for conventional x-ray waveguides [16, 17] . Vertical intensity projections of the transmitted images, for three different glazing incidence angles with s-polarized x rays, and for one angle with p-polarized x rays, on a common logarithmic scale. The peak was clearly observed only at the incident angles of À2 arcsec, not at large offset angles of À24 and þ25 arcsec. The peak intensity was 1.4 times higher with s-polarized x rays than with p-polarized x rays, consistent with the Darwin width ratio.
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